The ability to properly collect, analyze and preserve biological stains is important to preserving the integrity of forensic evidence. Stabilization of intact biological evidence in cells and the DNA extracts from them is particularly important since testing is generally not performed immediately following collection. Furthermore, retesting of stored DNA samples may be needed in casework for replicate testing, confirmation of results, and to accommodate future testing with new technologies.
A novel room temperature DNA storage medium, SampleMatrix TM (SM; Biomatrica, Inc., San Diego, CA), was evaluated for stabilizing and protecting samples. Human genomic DNA samples at varying amounts (0.0625-200 ng) were stored dry in SM for 1 day to 1 year under varying conditions that included a typical ambient laboratory environment and also through successive freeze-thaw cycles (3 cycles). In addition, spiking of 1-4Â SM into samples prior to analysis was performed to determine any inhibitory effects of SM. Quantification of recovered DNA following storage was determined by quantitative PCR or by agarose gel electrophoresis, and evaluation of quantitative peak height results from multiplex short tandem repeat (STR) analyses were performed to assess the efficacy of SM for preserving DNA.
Results indicate no substantial differences between the quality of samples stored frozen in liquid and those samples maintained dry at ambient temperatures protected in SM. For long-term storage and the storage of low concentration samples, SM provided a significant advantage over freezer storage through higher DNA recovery. No detectable inhibition of amplification was observed at the recommended SM concentration and complete profiles were obtained from genomic DNA samples even in the presence of higher than recommended concentrations of the SM storage medium. The ability to stabilize and protect DNA from degradation at ambient temperatures for extended time periods could have tremendous impact in simplifying and improving sample storage conditions and requirements. The current work focuses on forensics analysis; however this technology is applicable to all endeavors requiring storage of DNA.
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Poor sample handling and storage may lead to further loss or degradation of samples and could impact obtaining useful results. Additional factors that may compromise sample integrity include high humidity, temperature, persistence of nucleases and other chemical agents as well as other sub-optimal conditions that may occur not only during transport, but also within storage facilities [10] . Typically, cold conditions (i.e. liquid nitrogen, À80 8C, À20 8C) are required for long term storage. Such conditions are costly; the equipment is subject to mechanical failure and there are logistical problems for transport. Often, forensic biological samples are dried to minimize degradation. Such a requirement has not always been practical, especially for some types of evidentiary samples and particularly for DNA extracts. Thus, there is a need to develop effective alternative strategies for storage procedures [10] [11] [12] .
Dry storage of nucleic acids has been recommended to eliminate the need for cold storage based on the assumption that nucleic acids are stable when dry. However there are numerous examples where degradation occurs during storage, in the cold or at ambient conditions, that can irreversibly damage samples in solution or even those that are dehydrated [13] . Although DNA can be dried without serious damage in the short term, it is nevertheless imperative to prevent chemical degradation and aggregation for optimal recovery of samples.
Several methods are commonly used to dehydrate DNA samples, such as spray drying, spray freeze drying, air drying or lyophilization [13] . The purified DNA can be dried without additives (''naked'') or in the presence of additives such as trehalose, a disaccharide found in high concentration in organisms that undergo periods of desiccation as part of their life cycle [14, 15] . Since proteins and membranes could be stabilized in a dry state in the presence of trehalose [16] , the compound has been used to stabilize a variety of biological materials ranging from vaccines and liposomes to hypothermic storage of human organs [15] . Trehalose has recently been examined for use in stabilizing highly diluted genomic DNA samples compared with the performance of samples stored in Tris EDTA (TE) buffer and lambda DNA [17] . Best results occurred for DNA in the presence of trehalose stored dried at room temperature or at À80 8C, although significant quality loss was detected with À20 8C and +4 8C storage. Studies with trehalose as an additive for dried room temperature plasmid DNA storage indicates initial protection from degradation and light-induced damage; but after 8 weeks degradation was observed [18] . Plasmids are in general more stable than genomic DNA samples and even after only 2 weeks at À20 8C using highly purified trehalose, DNA showed signs of degradation [13] . Other sugars such as sucrose, glucose and lactose have been studied for their ability to stabilize purified dried DNA, however trehalose had the highest stability for all sugar based stabilizers [18] .
To address the need to stabilize and prevent degradation of biological materials in a dried state, a novel storage medium, SampleMatrix TM (SM; Biomatrica, Inc., San Diego, CA), was developed to protect samples dry at ambient temperatures that should be amenable to sample collection, transport, storage and analytical practices. SM technology is based on the principles of anhydrobiosis, a biological mechanism employed by some multicellular organisms that enables their survival while dry for >100 years [14] . The synthetic matrix is predicted to act with DNA molecules through the minor groove by hydrogen bonding, similar to trehalose and other sugars. While in the dry state, the matrix components form a thermo-stable barrier around the DNA protecting the sample from further damage and degradation. The matrix completely dissolves following rehydration. Once hydrated, the sample is ready for immediate use in downstream applications, thus eliminating the need for further purification and any associated sample loss due to manipulation.
Studies were conducted to evaluate the use of the medium for the dry storage of DNA samples. The studies included an elevated temperature storage study, a sensitivity study, a freeze-thaw stress study and a study to assess any inhibitory effects of the medium. Advances in technologies for convenient ambient temperature dry storage of DNA that eliminate some of the detrimental variables associated with sample collection, transport and storage will have useful applications for forensics analysis, as well as other fields of nucleic acids research and analysis.
Materials and methods

Storage study
For experiments comparing storage of DNA at room temperature to À20 8C storage, multiwell plates containing the storage medium or individual tubes with the storage medium (Sample-Matrix TM (SM); distributed as QIAsafe TM DNA by Qiagen, Valencia, CA) were used following the manufacturer's guidelines. 200 ng aliquots of human genomic DNA (10 ml of a 20 ng/ml DNA sample-Novagen, Gibbstown, NJ) were applied into SM and dried overnight in a laminar flow hood with a sterile kimwipe over the plates to reduce contamination. Non-protected samples were prepared by drying identical aliquots into empty tubes or wells not containing SM. Dried samples were then stored at room temperature on the bench top in ambient light conditions or 50 8C for various times. Identical aliquots of reference samples were stored at À20 8C for the same duration. There were a total of 6 samples that were tested (3 for each environmental treatment), 1 with SM (SM), 1 control held at À20 8C (+) and 1 not protected (NP). At various time points, samples were rehydrated with 10 ml of deionized water for 10 min at room temperature and used immediately without further purification in downstream applications to assess sample integrity and stability. Agarose gel electrophoresis was used to assess the integrity and quality of DNA stored [19] at room temperature, 50 8C and À20 8C with and without SM. Rehydrated samples were run on a 0.8% agarose gel containing 1 mg/ml ethidium bromide (Gibco BRL, Carlsbad, CA) and detected using UV transillumination [19] .
Sensitivity studies
In this study, the SM 96-well plates were evaluated against the current storage methods (À20 8C) for 6 concentrations of DNA at seven time points ranging from 1 day to 1 year. Controls were prepared as liquid DNA extracts which are routinely stored in the freezer (À20 8C) and then thawed for analysis at the six time points. The SM 96-well plates were also evaluated at each time point with respect to two different room temperature storage conditions -in the presence (SM+D) or absence (SM-D) of desiccant. Dried samples were stored in identical storage cabinets, one containing desiccant (D) in order to maintain a constant relative humidity environment <50% (SM+D), as is recommended by the manufacturer, and the other without desiccant (SM-D). These plexiglass clear cabinets were kept at room temperature, consist of a clear door that permits ambient light in and were kept inside a standard HVAC-controlled laboratory environment, albeit in a hot and humid climate zone (Florida) with an average relative humidity of 60%.
In this sensitivity study, 2 replicates of DNA extracted from bucccal cells of 2 individuals (one male and one female) using the Promega DNA IQ system (Promega Madison WI) at 7 different amounts (0.0625, 0.125, 0.25, 0.5, 1.0, 2.0 and 4 ng), were stored under 3 different conditions and sampled 7 times over the course of 1 year for a total of 588 data points. The Beckman Coulter
BioMek NXP was used to aliquot two 20 ml volumes of each sample from a stock tube into SM 96-well plates and SM individual tubes for each time point and condition. The NXP simultaneously created replicate À20 8C liquid DNA freezer control samples of 20 ml aliquots of each sample from the same stock into dolphin tubes. Control samples were stored in a À20 8C freezer, while the SM samples were dried overnight in a laminar flow hood and stored in their respective conditions at room temperature.
SM samples were rehydrated with 20 ml of autoclaved water for sample recovery. All recovered DNA samples were quantified using Applied Biosystems Quantifiler TM Human DNA Quantification kit on the ABI 7000 (as per manufacturer recommendations; ABI, Foster City, CA) and compared to determine if DNA stored on the SM was recovered at the same, lower, or higher concentrations than those in the À20 8C freezer condition. Optimal quantification was achieved using more than 250 pg or more of genomic DNA. Both the SM samples and the À20 8C freezer samples were also compared to a baseline created of the original DNA stock tube at the time samples were plated. The remaining sample was amplified using Promega's multiplex STR PowerPlex TM 16 system. Once amplified, the samples were run on Applied Biosystems 3130xl Genetic Analyzer (ABI) and results were analyzed with GeneMapper ID software using a 75 rfu threshold for allele designation to evaluate the integrity of the DNA after storage on the SM.
The integrity of the sensitivity samples was determined by observing % of allele calls and comparing the average relative florescence unit (RFU) values of each allele at each locus. Complete loci calls were determined by overlapping the replicate electropherograms for each sample. Percentages of complete allele calls from 6 weeks to 1 year are shown in Table 1 and Fig. 2 .
Average relative recovery of control À20 8C freezer condition versus those stored dried in SM at room temperature with dessicant were calculated for 4, 2, 1 and 0.5 ng samples stored over 1 year (Fig. 3A) , for 4 ng stored over 1 day, 1 week, 1 month, 3 months and 1 year ( Fig. 3B ) and for 0.5 ng stored over 1 day, 1 week, 1 month, 3 months and 1 year ( Fig. 3C ). Average calculated recovery from replicate samples (n = 4) stored under 3 conditions for all seven amounts after 1 year are shown in Fig. 3D . The calculated average from the replicate samples (n = 4) are also shown in Table 3 with their respective standard deviation.
Stress study
DNA from a buccal swab was extracted using the QIAamp DNA Mini Kit (Qiagen). The final volume of 100 ml was separated into six aliquots: 2 controls of 5 ml each in SM tubes stored at À20 8C for the entire duration of the study (SM control); 2 aliquots of 20 ml each air-dried into SM tubes and stored at room temperature during the duration of the long-term experiment; and 2 aliquots of 20 ml each into regular polypropylene tubes subjected to multiple rounds of freeze-thaw (non-protected (NP) samples). The SM tubes were dried overnight in a fume hood and kept at room temperature. After one week, the frozen NP samples were allowed to thaw, 5 ml aliquots were removed and placed into SM tubes, dried and then returned to the freezer until ready for use; NP samples were returned to À20 8C and allowed to refreeze. The two SM aliquots stored dry at room temperature were resuspended to 20 ml with water and a 5 ml aliquot was removed from each tube and placed into SM tubes, dried overnight on the bench top and then stored at room temperature for later amplification. Each week, the same steps were repeated until there were three complete cycles of freeze-thaw or dehydration-rehydration. At the end of the test period, the 14 SM tubes were resuspended in 5 ml of water, allowed to incubate at room temperature, and amplified with both the PowerPlex 16 TM Kit (Promega Corporation, Madison, WI) and the Quantifiler TM Human DNA Quantification Kit (ABI). Amplified samples were run on Applied Biosystems 3130xl Genetic Analyzer TM (ABI) and results were analyzed with GeneMapper ID software using a 75 rfu threshold for allele designation to evaluate the integrity of the DNA following stress conditions.
Assessing inhibition from SM during amplification
To assess any effects of SM remaining in samples, DNA samples extracted from blood using a standard organic extraction or the QIAamp DNA Mini Kit were prepared with increasing concentrations of SM (1-4Â concentration) and then used in multiplex amplification reactions for STR analysis utilizing the Powerplex 16 System Kit (Promega, Madison, WI). Preparation of the duplicate sample sets with no SM (0Â), and one, two, three and four concentrations of SM (1Â, 2Â, 3Â and 4Â, respectively) were prepared for both 200 pg and 500 pg total DNA in each reaction. For the 0Â samples, 9947A control DNA was diluted to 100 pg/ml DNA stock solution and 2 ml was used directly in amplification reactions with the PowerPlex16 TM System kit (Promega). The 1Â sample was prepared by aliquoting 15 ml of the same DNA stock solution into a tube containing dried SM and allowing the mixture to incubate for 15 min at room temperature prior to amplification. The 2Â, 3Â and 4Â samples were prepared by serially rehydrating two, three and four tubes, respectively, of SM with the 15 ml of the stock DNA solution. Samples were then run on a 3130xl Genetic Analyzer (ABI) and results were analyzed with GeneMapper ID TM software using a 75 rfu threshold for allele designation to evaluate the integrity the effects of SM present in multiplex amplification reactions.
Results
Samples protected in SM were subjected to a range of environments including storage at elevated temperatures to create accelerated aging conditions [20] , multiple rounds of rehydrationdehydration and also storage at ambient laboratory conditions both with and without desiccant present.
Storage study
Dried down genomic DNA samples were stored in SM at room temperature for 5 months and 50 8C for 1 month. The samples containing SM were stored either at room temperature or under elevated temperature. Fig. 1 shows recovery of DNA following dry storage in SM at room temperature for 5 months and at 50 8C for 1 month. Storing samples under conditions of extreme environmental stress (i.e. heat) can be used to correlate accelerated sample stability, and in this case, storage for 1 month at 50 8C is equivalent to sample stability for 6 months at room temperature [20] . Results indicate that DNA is protected from degradation during dry storage in SM, as compared to non-protected samples with no detectable degradation as compared to the non protected sample at 50 8C (Fig. 1 ).
Sensitivity studies
Percentages of complete profiles for samples stored under the three conditions are shown in Fig. 2A a It should be noted that in the analysis of these samples at 1 year, the standard used for quantification was systematically off by a factor of 10 resulting in the lower apparent recovery for all samples including the control. were observed for SM+D and frozen control samples stored for up
to one year from as low as 0.25 ng DNA in 20 ml. The lower end of the sample concentrations (0.0625 ng) exhibited allele drop out in both SM+D and À20 8C freezer control samples throughout the time points (Table 1 ) likely due to stochastic effects at this low concentration.
Based on quantification values, following 1 year of storage, a 2 to nearly 10-fold increase (for the 0.5 ng samples) in recovery of DNA from all samples stored dried in SM at room temperature in the presence of a desiccant (SM+D) was observed as compared to non-protected liquid control samples stored frozen at (À20 8C) in standard microfuge tubes (Table 3 and Fig. 3 ). The quantification results for the 1 day samples were unexpectedly lower than those at 1 week and were due in part to differences in standards utilized. Total recovery for the 3 months and 1 year samples displayed what appears to be a significant drop in all samples (including controls). It should be noted that in the analysis of these samples at 3 months and 1 year, the standard used for quantification was systematically off by a factor of 10 resulting in the lower apparent recovery for all samples including the control.
All RFU values of SM+D samples were comparable to those of the control samples; As expected, the dried SM samples stored at room temperature without desiccant present did not perform as well as samples stored in the presence of a desiccant, but still resulted in higher recovery than freezer stored material (Tables 2  and 3 , Figs. 2 and 3D) .
Overall, the data supports that the integrity of single source samples was not compromised when stored dry in SM in the presence of desiccant over a one year time period under ambient laboratory conditions, as is recommended by the manufacturer. In fact in most instances, recoverability of DNA samples stored in SM significantly exceeded that of freezer storage by more than 2-fold, especially in low concentration aliquots of <1 ng after 12 months Table 4 Quantification of DNA after 3 cycles of freeze-thaw versus three cycles of drying and rehydration in SM.
Cycles
DNA recovered (ng/ml) One set of DNA samples was stored using traditional freezer storage, unprotected (NP) and subjected to three cycles of freezing and thawing. A second set was stored in SM dried. These samples were rehydrated, quantified and then re-dried three times. (It should be noted that in the analysis of these samples at 3 months and 1 year, the standard used for quantification was systematically off by a factor of 10 resulting in the lower apparent recovery for all samples including the control.) of storage more than 4-fold higher recovery was obtained (Tables 2  and 3 and Figs. 2 and 3 ).
Stress study
Replicate samples stored in SM were subject to multiple rounds of dehydration and hydration and control samples were subject to multiple rounds of freeze-thaw. Multiplex STR analysis indicate that no significant changes in peak heights were detected in the relative fluorescence units (RFUs) between control DNA samples stored frozen in SM for the entire 4 weeks and samples subjected to freeze-thaw cycles ( Table 4 and Fig. 4 ). Average DNA recovery for the frozen samples after 3 dehydration and rehydration cycles were 9.14 ng + 1.15 and for samples from the 3Â freeze thaw were 9.80 ng + 0.01 (Table 4 ).
Evaluation of inhibition from SM
The effect of SM present during amplification for multiplex STR analysis was evaluated by increasing the concentration of SM present in the reaction from one-to four-times the recommended SM concentration followed by amplification using Powerplex 16. A subset of the 16 loci with the average representative peak heights and standard deviation (n = 2) for samples without and with additional SM are shown in Fig. 5 .
A complete profile was obtained for all samples tested and the RFUs for each locus were comparable at 2 concentrations. Fig. 5a contains results from the 200 pg samples in the 0ÂSM, 1ÂSM, 2ÂSM, 3ÂSM and 4ÂSM and Fig. 5b contains results for the 500 pg at 0ÂSM, 1ÂSM, 2ÂSM, 3ÂSM and 4ÂSM. Results indicate that increasing amounts of SM up to two times the recommended concentration does not inhibit amplification reactions in the concentrations tested, and there is no need to purify rehydrated samples prior to addition into reactions used for STR analysis. Similar results were observed for the 200 pg ( Fig. 5a ) and the 500 pg (Fig. 5b) in that for both template amounts, 0Â, 1Â and 2Â resulted in no significant differences in peak heights between samples without versus with SM. Additional amounts of 3-4Â concentrated SM may result in a negative effect suggesting that samples be rehydrated to the same volume as the original stock.
Discussion
DNA sample storage is of paramount importance in forensic, epidemiological, clinical and genetic laboratories. There is always the possibility that cases or studies may be re-opened and the stored DNA may need to be re-tested. Moreover, the integrity of the DNA should be maintained to be as high as is possible when first stored. Thus, the results from an initial test and a subsequent test will be similar and comparable. This need to maintain samples and their integrity is especially important with limited DNA from materials such as hairs, bones, teeth and other degraded samples [1] . In addition to sample limitations, manipulations, such as freeze thaw and even long-term storage, can lead to loss of DNA. Utilization of the most efficient storage method for sample stability should be sought. Better storage methods of DNA extracts also should consider cost, ease of handling, and amenability to downstream analysis.
SM is a polymer that when added to DNA allows for dry storage of the material at ambient temperatures; thus there is no need for expensive refrigeration systems that will eventually fail. SM may protect DNA by forming a protective sheath around DNA, forming a barrier to degradation and loss. There have been a number of drydown approaches, but to date, all have experienced some degree of Fig. 4 . Average STR peak heights for freeze-thawed (FT) stressed samples. Control samples were held frozen at À20 8C. 1xFT, 2x FT and 3xFT were subjected to 1, 2, or 3 rounds of freeze thaw respectively. Replicate DNA samples (n = 3) were dried for storage in the storage medium (SM) and subjected to three successive cycles (1-3Â) of rehydrationdehydration over a 4-week period prior to multiplex STR analysis. Average peak heights and standard deviation for selected loci of Powerplex 16 are shown as compared to samples stored frozen at À20 8C and subjected to identical rounds of freeze-thaw stress (FT) over the same time period. Control samples were stored as frozen liquids and thawed immediately prior to use. sample instability [21] . The studies reported herein, however, have found SM-treated DNA samples are stable for long periods of time (up to one year) without degradation or loss of integrity. The DNA in these studies was derived from forensically relevant materials such as blood and buccal cells. Once extracted, the DNA was subjected to stress conditions that would simulate typical and atypical storage conditions. The integrity of DNA under storage and storage manipulations was equal to or better with SM-treated samples compared with dried and refrigerated/frozen samples. 2-10-fold better recovery was observed for DNA in SampleMatrix with dessicant over À20 8C freezer controls following 1 year of storage. Further studies to assess SM storage have been performed including a shipping study and an accelerated environmental abuse, and storage of DNA extracted from bone [12, 22] .
The studies described herein might be considered preliminary. However, chemistry theory predicted such an outcome and testing to date further supports the utility of SM treatment as an effective way to maintain the integrity of a sample (once treated) under short and long term storage. This is noteworthy because the DNA extracts were liquids and these are notoriously unstable even to some degree when maintained frozen. Additionally, in a recently reported study, a consortium of DNA biodiversity laboratories also conducted research on DNA storage that focused on new and suitable protective substances, storage at higher temperatures, rehydration of lyophilized DNA, and the usage of special cryotubes [21] . They concluded that samples stored in SampleMatrix provided comparable results to the theoretical best practice of samples storage in liquid nitrogen [21] . Thus, there is strong evidence that SM will be an invaluable material for sample storage, particularly for critical forensic samples. We believe the data are sufficiently impressive to warrant further investigation by the forensic science community and consideration as a beneficial and effective means for extracted DNA storage. There are a greater range of samples that could be tested including those resulting from alternate extraction methods such as Chelex extracted DNA [23] or the new Prepfiler extraction method [24] . Storage studies utilizing DNA from additional extraction methods are underway; however, it is likely the outcome will be similar regardless of the condition of the sample, because truly dried samples are unlikely to degrade [10] . Additional testing on a wider range of samples is recommended to establish a sound basis for using SM. These samples include the DNA from: sexual assault samples, low copy DNA samples, substrates that might impart inhibitors to the process (such as clothing with dyes and sizing treatments, soils with humic acids and wood products) and polymers that may arise in nature that could compete in the dry-down process. Dry-down with SM or other storage media should be tested on intact samples (i.e., prior to DNA extraction). Not all forensic evidence (in some cases) is extracted initially. Maintaining forensic biological evidence prior to extraction would also be useful especially in cases where immediate transport to controlled conditions is not possible.
Finally, forensic methods that are based on RNA, require optimizing RNA storage as well as DNA. Differential expression may assist in determining the origin of biological evidence based on the relative abundance of messenger RNA [25] [26] [27] [28] [29] [30] . In addition, estimating the age of a bloodstain was reported using analysis of mRNA:rRNA ratios [31] . This type of assay may provide information relevant to the time evidence was deposited and assist in determination of when a crime was committed. These RNA-based assays require sensitivity, quantitative results, underscoring the need to optimize and stabilize DNA and RNA storage. RNA storage for gene expression analysis out to 11 days [32] and for microarray expression analysis out to 4 weeks [33] has recently been reported.
Conclusion
We evaluated the feasibility of using a novel synthetic storage medium SampleMatrix (SM) for dry storage of forensics source DNA samples at ambient temperature. DNA samples stabilized in SM are sufficiently protected from degradation during dry storage at room temperature, unlike equivalent samples stored in the freezer. SM stored samples allowed between a 2 and 10-fold higher recovery over samples stored in the freezer. This can be extremely important for low concentration and touch samples. We did not experimentally evaluate if this phenomenon is caused by the protective properties of SM, by interfering with surface adsorption of DNA to the tube material, or a combination of both, but it is evident that prolonged freezer storage results in a gradual sample loss and that sample loss is accelerated at lower DNA concentrations. Even under high humidity conditions of 60% relative humidity, DNA samples were stable and showed in most cases higher recovery than freezer stored controls. DNA samples after rehydration and in the presence of SM were successfully used in a variety of downstream applications, such as quantitative real-time PCR, multiplex STR analysis and agarose gel electrophoresis. Rehydrated samples were used directly without further purification; with no interference or inhibition detected with up to 2Â concentrated SM during STR amplification. Experiments to further evaluate stabilization of degraded DNA samples in SM and additional studies on forensic DNA samples from mixtures, bone and teeth have been initiated.
Overall, this study suggests that not only is SM a viable format to store low-concentration forensic samples, but it has compelling advantages in maintaining excellent stability and recoverability of samples, especially when compared to traditional freezer storage. The same storage media as well as new sample collection technologies [34] have additional applications in sample and tissue collection and may be extremely valuable for situations where remote collection sites require storage of the collected samples without refrigeration [34] .
